. Reed lagoon is compulsorily equipped with a drainage system that allows ventilation of the processed sewage sludge and effluent discharge. The efficiency of dehydrating is also provided by gravity drainage and evaporation. In addition, the long process of sludge stabilization (7-15 years) 
INTRODUCTION
The low-input methods of processing sewage sludge are characteristic first of all by their simple design and technology as well as by their easy operation. These methods allow using only a limited number of process equipment resulting on low consumption of electrical energy. Utilisation of natural processes occurring in the environment allows maintaining low operation costs.
Reed lagoons are successfully used for the long-term stabilization and dehydration of sludge from waste water treatment. They are easy to construct and operate and consume small amounts of energy [Zwara & Obarska-Pempkowiak 2000; Nielsen et al. 2012] . What is perhaps the most important in STRB is that any kind of sewage sludge of organic character can be stabilized [Uggetti et al. 2010 ]. This technology has been applied with success for more than thirty years, among others in Denmark. The initial content of organic matter in the sediment between 50% and 65% and low load of the lagoon surface allow for drainage of sewage sludge to a degree no less as when using filter presses up to the value of 20-30% DMremarkably reduces the organic matter content and causes the processes of sludge humification (Peruzzi et al. 2009 ). Many authors acknowledge that the sludge stabilized in STRB is similar in its chemical composition to the compost (high content of organic matter and nitrogen) [Kołecka & Obarska-Pempkowiak 2008] .
From the ecological point of view, the PAHs collection and transformation within individual ecosystems is more important. Since nearly 90% of the PAHs contained there come from soil, specific actions and means should be implemented to protect these ecosystems. Moreover, the studies conducted so far demonstrate differences in the degree and the speed of the PAH transformation in the soil, which proves their long life and the possibility of bioaccumulation in this environment. The PAH (and other organic compounds) also occur in plants, thus being a great concern, as the mechanism of absorbing the PAHs and other organic compounds is not fully understood. It is assumed that accumulation of harmful substances on the surface of leafs is possible during atmospheric precipitations or due to contamination with soil particles. Irrespective of that in many countries studies are conducted in order to determine the limit values for organic substance content in sewage sludge, composts and in potable water. In Europe, when sewage sludge is used in agriculture, the limits on the content of PAHs in naturally used municipal sewage sludge have been proposed [WD, 2000; WD, 2010] . Some of the EU countries have introduced internal limitation of PAHs contents in sewage sludge intended for use in agriculture [Aparicio et al. 2009 ; Gomez et al. 2002; Kapanen 2013 ; Langenkamp et al. 2001 ; Vacha et al. 2006 ]. In Germany, there are no binding regulations concerning the PAHs content in sludge, however, a designation of 9 PAH is recommended; the sum of which should not exceed 6000 μg/kg d.m. In the proposed amendment to the Sediment Directive, the sum of 11 hydrocarbons should not exceed 6000 μg/kg d.m.
The Polish legislation does not provide any regulations on the maximum PAHs content in sewage sludge designed for use in the agriculture. There is no uniform procedure of analytic analysis of PAHs in sludge either. Determination of micro-contaminations in the sewage sludge is one of the most complicated analytical tasks connected with the heterogeneity of these materials and with differentiated PAH concentrations [Smolik 2005] .
Although in Poland the PAHs content in the sediments used in agriculture is not subject to norms, these substances are taken into account in the draft of alterations/amendments to the UE Directive 75/442/EWG according to which a permissible summary concentration of 11 aromatic compounds (acenaphtene, phenatrene, fluorene, fluorantene, pyrene, benzo(k)fluorantene, benzo(a)pyrene, benzo(ghi)perylene, indeno(1,2,3-cd)pyrene) should be 6 mg·kg-1 (converted to dry mass).
The content of heavy metals in the stabilized sewage sludge is often crucial for the possibility of their use in agriculture. Their excessive content in the sewage sludge may be toxic and dangerous to the environment. The knowledge on their overall content, but also their fractional distribution is highly important. The spread of BCR method enabling to determine the heavy metals present in sewage sludge in 4 fractions was of great importance for science: ion exchange and carbonate fraction (I -the most mobile), hydroxide fraction (bound with oxide and hydroxide iron and magnesium) (II), organic fraction (III), residua fraction (IV -the most stable) [ 
METHODS

Analyzed systems
In the municipal wastewater treatment plant of Zambrów, approximately 1 ton DM of raw sewage sludge is generated per day. The sludge management is based on sludge lagoons, reed beds and earthworm fields. Outside of the win-ter season, 70% of the sludge is carried away directly to a reed bed with an area 3 times 3500 m 2 . In winter, the sludge is directed onto sludge lagoons provided with a vertical drainage, ensuring a high efficiency of the sludge dewatering while filling the lagoon. In the wastewater treatment plant there are 2 sludge lagoons with a capacity of 2500 m 3 each. Approximately 80-90% of the sludge collected on sludge lagoons is pumped in summer time onto earthworm fields with an area of about 1 ha. The remaining sludge is utilised in the agriculture, for reclamation in autumn (after harvest). This solution allows shortening the time of the sludge removal from the wastewater treatment plant down to two weeks, i.e. during emptying the sludge lagoon and after removing the sludge from earthworm fields during a period when this product is needed.
Sedimentary lagoons -reeds bed stayed partly in the excavation and partly in the embankment. The height from the top of the embankment is taking 3.2 m flat out into the bottom of the lagoon. The primer base of lagoons is built of clenched clay. Sequences were arranged in the bottom drainage (ϕ 100) in the filter ballast taken to the pumping station located in the lagoon. The channel is being depumped into the production line to sewers reaching the sewage treatment plant, i.e. a local pumping station. The supplying of sludge was solved by laying a crown escarpments of pipelines from PVC pipes of built in three-way adapters. In the upper layer of the filter ballast in the first year of the use they effected planting the reed in the quantity of 8 cuttings to the square metre. In the winter period, the lagoons are not being fed with sludge. The ground part of the reed was not removed for the entire operating period. In early spring, wither rushes of the reed constitute the additional organic substances. Long-term storing of reed "transfers" dead ground parts of plants every year, creating similar conditions to of the ones in a compost heap.
Sampling strategy
The samples were collected at 4 points, evenly spaced along the symmetry axes for each basin. The samples of the sludge from the same layers were mixed and their quality was determined.
The equipment
From 2012-2014, the sludge samples were taken from the middle part of the oldest reed bed (still in service) in the 3-meter profile of the sediment fill. Sampling was performed using a special probe to enable the extraction of sewage sludge from the full depth of the lagoon. The samples were averaged and sludge samples from each 0.5 m section were tested. In 2013, the service of the oldest lagoon was finished after 14 years.
The studies reflect the following STBR cycles:
• end of 2012 -after last 14th year of STBR supply with sewage sludge at full load, • end of 2013 -after transitional year at STBR supply with sewage sludge at minimum load, • end of 2014 -year after STBR closing.
Analitycal procedure
The analysis of the obtained material included, among others, carrying out the following examinations: heavy metal content, fertilizing values, liquefication, dry mass, and polycyclic aromatic hydrocarbons (PAHs). The examinations were carried out in the Department of Technology in Engineering and Environmental Protection laboratory, according to the valid norms.
Dry matter and organic matter were determined by using standard methods [APHA 2005 ].
Kjeldahl nitrogen (N), the sum of organic and ammonia nitrogen, was determined in the analyzed sludge. The sludge sample was dried and homogenized. It was then alkalized using a 35% solution of NaOH and mineralized in the presence of the catalyst CuSO 4 + K 2 SO 4 using ammonium destilation [APHA 2005 ]. Determination of ammonia nitrogen was carried out using the distillation method.
For determining the phosphorus concentration, the sample was dried, homogenized and then mineralized using a mixture of the concentrated acids HCLO 4 and HNO 3 . In the obtained solution, the PO 4 -ions were determined calorimetrically in the reaction with ammonia molybdate in the presence of glycerin with dissolved SnCl 2 [APHA 2005 ].
The study of polycyclic aromatic hydrocarbons (PAHs) contents in sewage sludge was carried out using gas chromatography coupled with mass spectrometry detection. In purified and concentrated extracts from sewage sludge, 16 PAHs were identified (according to US EPA): naphthalene (NAPH), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene 
Extraction procedure
From 10 g to 20 g of sludge sample with a field moisture content was weighed and placed in a conical flask with a capacity of 200 ml. Then, 50 ml of acetone was added; the flask was sealed and subjected to extraction on a shaker for 1 hour. Petroleum ether wit the volume of 50 ml was added and agitated again for 1 hour. The supernatant was decanted and shaken with another 50 ml petroleum ether portion. The supernatant liquid was subsequently decanted. The extracts were combined and acetone and other polar compounds were removed by shaking twice with 400 ml of water. The water was discarded. The organic layer was dried over anhydrous sodium sulfate (VI) and then filtered through a filter. The dried extract was transferred to a concentrating device; 100 ml of isooctane was added as a stabilizer and concentrated to the volume of about 2 ml. The resulting solution was analyzed by means of GC-MS.
Calibration
Five solutions containing the calibration standard mixture and the test sample matrix were analyzed. The calibration function was calculated by linear regression of the corrected peak areas. The current sensitivity of the method was estimated from the calculated regression function. The calibration was performed on the measurement day. Additionally, determination of a certified reference material was carried out in order to investigate the recoveries of PAHs. The values of PAHs recoveries ranged between 80% and 120%, which is permissible for chromatographic methods [Oleszczuk & Baran 2004] .
The PAHS extraction was conducted with the use of acetone and petroleum ether. Two extraction methods are described in International Norm: two-phased and one-phased extraction. Twophased extraction was used in the research.
The sludge samples were treated with mineralization in HACH mineralizator with the use of sylphuric acid and hydrogen peroxide in a mixture of nitric and hydrochloric acid in the ratio of 1:3. For further analysis, the mineralizators were filtered through MN 616 G paper filter.
Determination of the cadmium, nickel and total chromium content was done in the samples of mineralizators with the use of Perkin-Elmer 4100 ZL atomic absorption spectrometr with transversely heated graphite cuvette and Zeemaneffect background correction.
Determination of the mercury content was performed in the samples of mineralizators by means of cold steam technique with the use of Perkin-Elmer 4100 ZL atomic absorption spectrometr equipped with FIAS-200 add-on device.
Determination of the zinc, lead and copper content was carried out in the samples of mineralizators using Varian SpectrAA 20 Plus atomic absorption spectrometr by means of flame atomization.
The determination of individual fractions of heavy matals was completed using the sequential extraction method according to The 3 (Fraction IV), respectively. Using these extractions, the following four fractions of metals were separated: ion exchange and carbonate fraction (I -the most mobile), hydroxide fraction (Bound with oxide and hydroxide iron and magnesium) (II), organic fraction (III), residual fraction (IV -the most stable).
Data analysis
Determinations of the test samples were performed in triplicate. The mathematical-statistical calculations presented in the paper were made using common computer software and spreadsheets. In order to study the relationship between the quantitative parameters and to describe the strength of the correlation in the case of a small number of observations, the Spearman's rank correlation coefficient was applied [Sobczyk, 2002] . In order to verify whether there was a statistically significant change, ANOVA rank Kruskala-Wallisa and Friedman were used for each pair of observations [Siegel 1956 ].
RESULTS AND DISCUSION
A change in the basic parameters of stabilized sewage sludge in reed lagoons is shown in Figure 1 . The sludge is stabilized and dehydrated. The degree of sludge dehydration is low and ranges from 2.9% in 2012 to 3.1% in 2014. The lowest dry matter content was recorded in the top layer of a vertical profile -12.6%. The highest content of dry matter characterized sludge that was deposited on the reed lagoon for the longest period of time (the lowest layer in vertical profile) reached 14.5%. In the middle section of the vertical profile of sludge at a depth of 1.5-2.0 m, a remarkable reduction in the dry matter content was observed: to 10.4% in 2012 and 13.2% in 2014. The dry matter content in STRB at different depths of vertical profile is a measure of dehydration. The degree of dehydration is on the one hand dependent on the degree of water evaporation from the lagoon surface and on the other hand on the gravitational concentration and uptake by reed roots [Kolecka & Obarska-Pempkowiak 2008]. Definitely higher dry matter contents above 29% in the sludge stabilized in STRB were achieved in the studies by Matamoros et al. [2012] .
The content of organic matter oscillated within a wider range. The lowest organic matter content of 49.0% DM was recorded in the deepest layer of sludge in 2014, i.e. one year after closing the reed lagoon. The highest organic matter values were observed in the highest sludge layer (sludge that was drained and stabilized for the shortest time); this value ranged from 58.1% DM to 62.2% DM. The organic matter accumulated in the sludge over the years becomes biodegraded and stabilized, leading to a reduction in dry matter content. Similar results of the organic matter reduction by 10-12% were obtained by Nielsen [2005] and in the studies conducted in Poland in Darżlubie [Zwara & Obarska Pempkowiak 2000] .
The average nitrogen content in the sludge stabilized over three years ranged from 3.5% DM to 3.8% DM. The highest nitrogen concentration characterized the top layers of the sludge, ranging from 3.7% DM to 4.1% DM, while the lowest nitrogen contents were found in the sludge from the deepest layers, ranging from 3.3% DM to 3.4% DM. There was a constant, yet slight, nitrogen loss during its stabilization in the reed lagoon. It was described in earlier studies [Boruszko 2015; Peruzzi et al. 2009] . A decrease in the nitrogen content in STRB-stabilized sludge is a result of the element uptake by plants and microbial conversions occurring around the root system (nitrification and denitrification).
Mean phosphorus content in the stabilized sludge was similar, ranging in 2012-2014 between 2.7% DM and 2.8% DM. The deepest sludge layers (in vertical profile) were characterized by the highest phosphorus content (samples from 2.5-3.0 m depth) at average value of 3.2% DM. The lowest phosphorus contents were recorded in sludge samples from the shallowest layer 0.0-0.5 m (sludge that was stabilized for the shortest time); value at this profile ranged from 1.9% DM in 2014 to 2.3% DM in 2012. Studies have confirmed that very long stabilization and decomposition of organic matter can retain phosphorus in the sludge.
The changes in the contents of each of the analyzed 16 PAHs in six layers of the vertical profile of STRB dehydrated and stabilized sludge conducted in 2012-2014 are presented in Table 1 as average values with standard deviation. The mean content of 16 PAHs sum in the sewage sludge was from 8092. The general trend of changes in the sum of 16 PAHs in sludge subjected to stabilization and dehydration in STRB in 2012-2014 was similar. The sludge layers from the shallowest to a depth of 1.5-2.0 m showed asteady increase in the sum of 16 PAHs. Then, in the two deepest layers located at the depths between 2.0 m and 3.0 m, a decrease in 16 PAHs sum was observed.
The studies revealed that all sludge samples contained 11 PAHs sum according to WD [2000] and 16 PAHs sum according to EPA above 6 mg/kg DM. Figure 2 presents the changes in PAHs contents divided into 3,4,5,6-ring ones. During the sludge stabilization and dehydration process in STRB, the highest concentration was recorded for 4-ring PAHs, which ranged from 2421.0 µg/kg DM to 3104.7 µg/kg DM. The highest content was observed for 3-ring PAHs group, which amounted from 1268.0 µg/kg DM to 1785.7 µg/kg DM.
The sum of 16 PAHs in the lowest sludge layer (2.5-3.0 m depth) was always lower than 16 PAHs sum for sludge from 0.0-0.5 m depth. The highest difference was recorded in 2012, when the sum of 16 PAHs in the oldest sludge layer was lower by 22.1 % than the sum of 16 PAHs in the youngest (shallowest) layer of the sludge.
The research on the changes in the content of PAHs in sewage sludge stabilized and transformed in various ways by different researchers suggests the possibility of different behavior of these compounds during the process. A very high degree of 16 PAHs degradation sum, ranging from 89.8% to 98.9%, was obtained during the fermentation of sewage sludge in an autoclave for 60 days, as reported by Chang et Table 2 presents the average concentrations of selected heavy metals in the sludge stabilized in reed bed system. Th eaverage sum of heavy metals in the sludge ranged from 1607.2 mg/kg DM in 2014 to 1635.2 mg/kg DM in 2012. The highest content, among all analyzed heavy metals, was recorded for zinc with its mean concentration of 1301.1 mg/kg DM. Zinc is considered the most essential microelement for plant growth and its very high concentration (above 2500 mg/kg DM) becomes toxic [Pathak et al. 2009 ].
The lowest content among all tested heavy metals was showed by mercury, at average content of 1.3 mg/kg DM. The analysis of heavy metal contents in particular layers (depths) of sewage sludge reveals an increase in zinc and copper levels, along with their processing time in the reed lagoon. The highest contents of these metals were recorded at the depth of 1.5-2.0 m (layer IV), which amounted to 1412.3 mg Zn/kg DM and 247.0 mg Cu/kg DM. The opposite trend was observed in the case of lead and chromium, the overall content of which decreased with the sludge layer depth in the reed lagoon. The highest average loss of the total content was observed in relation to chromium, the concentration of which fell by 26.4%. Figure 3 presents the average concentrations of selected heavy metals and their speciation in the sludge stabilized in a reed bed system. All the analyzed heavy metals were related mainly to the most stable connections (fraction IV). The highest share of fraction IV in the total content was observed in the case of lead, which was on average 91.4%, and chromium -90.3%. The lowest participation of fraction IV in relation to the total content was observed for zinc, and it amounted to an average of 48.2%. The highest share in the most mobile fraction I was observed in the case of nickel, which amounted to an average of 10.9%. With regard to lead, cadmium and chromium, there was no presence of these metals compounds in fractions I and II, while their share in the fraction IV was high. Therefore, they are metals present in the most stable form. Moreover, other authors showed that in the sewage sludge stabilized by means of conventional methods, lead was the most bound, and the most abundant in the fraction IV [Alvarez et al. 2002; Scancar et al. 2000] .
In fraction III (organic), the highest share was revealed by copper from 24.4% to 24.6%, zinc from 23.4% to 23.8%, as well as nickel from 21.4% to 22.9%. The analyzed sludge types showed the largest share in mobile fractions (I, II, III) by zinc from 50.8% to 51.8% and nickel The study on the changes in the physicochemical properties of sludge dehydrated and stabilized in reed lagoons showed significant differences with respect to the working phase -closing of the lagoon and to the work time of the object (vertical profile).
Spearman's rank correlation coefficient was used to study the relationship between the quantitative parameters and to describe the strength of the correlation. Table 3 shows the results of statistical calculations of Spearman's rank correlation order for a series of tests during the conducted experiment. The determined PAHs contents in sludge types during the experiment were grouped dividing into the number of rings. All studied parameters (PAHs, heavy metals) were grouped in pairs with respect to the depth (sludge layers).
The correlation coefficients are significant at p < 0.05. The rank correlation coefficient takes values from the interval [-1;1]. The same rank values of tested variables testify to the existence of a positive correlation between them (X=Y=1), i.e. Y increases always altogether with X and vice versa. The opposite numbering suggests a negative correlation (when one parameter increases, the second decreases). A positive sign of the coefficient indicates the existence of a positive correlation (increase of one parameter causes an increase in the other). The closer the correlation coefficient is to unity, the stronger the correlative relationship. The calculations reveal that the strongest positive correlation (RS = 0.9750) characterizes the total phosphorus content in sludge with respect to the sludge layer (i.e. duration of its stabilization in STRB). Slightly lower posi- (Table 4) , and comparing the data according to 6 depths ( Table 5 ). The red color highlights the statistically significant K-W test results, i.e. p<0.05. In addition, only for those results, the median test results are presented. It allows to precisely recognize which data groups are similar or different. The test results close to zero indicate the data pairs with strong statistical dependencies.
The results of statistical tests show a strong affinity for most of the tested parameters in the sewage sludge stabilized in STRB to the depth (sludge layer), and thus indirectly to the time of their dehydration and stabilization (Table 5) , both as dependent and independent from each other. However, in relation to the three years of study (2012) (2013) (2014) , such affinity was not found for most of the tested parameters. The results of these tests can suggest that the closure of the reed lagoon (end of the sludge supply), for a short time (one year before and one after the closure) had a significant effect only on the content of nitrogen as well as dry matter and organic matter in the deposited sludge.
CONCLUSIONS
Summing up the results and study results obtained from the long-term stabilization and dehydration of sewage sludge in the reed lagoon, the following conclusions can be drawn:
1. An increase in dry matter and decline of organic matter occurred in the stabilized sewage sludge. 2. The phosphorus concentration in sewage sludge increased along with the depth of the sludge layer. In contrast, the concentration of total nitrogen decreased with increasing sludge layer depth. 3. The concentrations of nitrogen and phosphorus in dry matter were relatively high. 4. The concentration of 16 PAHs sum was very high, which prevents the use of sludge in agriculture. 5. Long-term stabilization of sewage sludge in STRB reduces the sum of 16 PAHs, although their increase was observed in the first few years. 6. The total concentration of heavy metals allows the agricultural use of sewage sludge. 7. Heavy metals were usually bound to the residual fraction, which is the most stable. 8. The statistical analysis showed very strong correlations with the depth of the sludge layer.
